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Profilin i s  a ubiquitous eukaryotic protein that regulates the actin 
cytoskeleton and recently has been identified as a potent allergen in 
pollen. We examined the profilin gene family i n  the model plant, 
Arabidopsis thaliana, and found that it contained approximately 8 
to  10 members. Four distinct profilin sequences, three cDNAs, 
PRF1, PRFZ, and PRF3, and two genomic clones, PRFl  and P R M ,  
were isolated and characterized. These genes encoded four distinct 
profilin isoforms of 131 to 134 amino acids. Northern and reverse- 
transcriptase polymerase chain reaction analyses demonstrated that 
Arabidopsis PRFl  was expressed in all major plant organs, whereas 
PRF4 was specifically expressed in mature pollen. Cene trees con- 
structed from amino acid sequence data revealed the presence of 
two ancient, distinct profilin gene classes i n  plants. PRF4 was in a 
cot and dicot species. PRF1, PRFZ, PRF3, and a distant dicot se- 
quence formed a separate nove1 class, suggesting an ancient sepa- 
ration of plant profilins based on regulation and perhaps function. 
The coevolution of plant actin and profilin classes with similar 
patterns of expression i s  discussed. l h e  similarity of plant, fungal, 
protist, insect, and nematode profilins and their extreme divergence 
from the vertebrate profilins has striking implications for the evo- 
lution of fungal-spore- and plant-pollen-profilins as allergens. 
class with previously identified pollen-specific profilins from mono- 
The actin cytoskeleton of eukaryotic cells undergoes 
rapid and dynamic rearrangements in response to externa1 
stimuli and during the cell cycle. The reorganization of the 
cytoskeleton is highly regulated both temporally and spa- 
tially through a wide spectrum of ABPs (Stossel et al., 1985; 
Pollard and Cooper, 1986; Hartwig and Kwiatkowski, 
1991). These ABPs cross-link actin filaments into loose 
networks or tight bundles, cap the ends or block the sides 
of the filaments, sever the filaments, or sequester actin 
monomers from polymerization. Specific interactions be- 
tween ABP and either monomeric or polymerized forms of 
actin control the three-dimensional organizations and cel- 
lular locations of the actin cytoskeleton, which in turn 
affects the functions of the actin cytoskeleton in the cell. 
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Profilin is a low-molecular-mass (12-15 kD), ubiquitous 
actin-monomer-binding protein (Bajer and Molè-Bajer, 
1971; Pollard and Cooper, 1986; Dower et al., 1988; Haarer 
and Brown, 1990) whose three-dimensional structure has 
recently been determined (Schutt et al., 1993; Vinson et al., 
1993). Although its precise role in vivo is not well under- 
jtood, profilin appears to be a multifunctional protein 
(Haarer et al., 1990). It exerts both positive and negative 
effects on actin polymerization (Theriot and Mitchison, 
1993). Profilin binds to actin monomers, forming a 1:l 
profilin-actin complex that sequesters actin monomers and 
prevents their polymerization. In contrast, profilin also 
catalyzes the exchange of ATP for ADP on recycled mono- 
meric G-actin. ATP-actin has a lower critica1 concentration, 
so this activity promotes actin polymerization. Profilin also 
reversibly binds to the membrane phospholipid PIP,, re- 
sulting in the release of actin from the profilactin complex 
(Lassing and Lindberg, 1988) and in the protection of PIP, 
from the hydrolytic action of phospholipase C (Gold- 
schmidt-Clermont et al., 1990). This is believed to link the 
remodeling of the actin cytoskeleton to the phosphatidyl- 
inositol cycle-mediated signal transduction pathway, 
which responds to extracellular stimuli (Aderem, 1992; 
Machesky and Pollard, 1993). 
Profilin was first isolated from calf spleen (Carlsson et 
al., 1977), and homologs now have been identified and 
characterized in a number of organisms throughout the 
four eukaryotic kingdoms. Yeast contains a single profilin 
gene (Magdolen et al., 1988), the disruption of which leads 
to yeast cells displaying a temperature-sensitive phenotype 
with an abnormal morphology and a dramatically altered 
actin cytoskeleton system (Haarer et al., 1990). Some or- 
ganisms have multiple profilin sequences (Binette et al., 
1990; Machesky et al., 1990; Haugwitz et al., 1991; Ma- 
chesky and Pollard, 1993; Staiger et al., 1993), but their 
significance is for the most part unknown. Although there 
are multiple copies of profilin sequences in the human 
genome, many of them may be pseudogenes, and only a 
single profilin isoform has been identified (Kwiatowski 
and Bruns, 1988). Differential expression and / or develop- 
mental regulation of profilin has been demonstrated in 
Abbreviations: ABP, actin-binding 'protein; 3' UTR, 3' untrans- 
lated region; PIP,, L-a-phophatidylinositol 4,5-biphosphate; RT- 
PCR, reverse transcriptase PCR. 
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Dictyostelium (Haugwitz et al., 1991), Physarum (Binette et 
al., 1990), Drosophila (Cooley et al., 1992), and mammals 
(Babcock and Rubenstein, 1993), and this will be briefly 
reviewed with the discussion of our data (below). 
Profilin cDNAs expressed primarily in pollen in maize 
(Zea mays L.) and tobacco (Nicotiana tabacum) (Staiger et al., 
1993; Mittermann et al., 1995) and in the leaves and root 
nodules of beans (Phaseolus vulgaris) (Vidali et al., 1995) 
have been partially characterized. Other monocot and dicot 
profilin cDNAs have been isolated from pollen libraries 
(Valenta et al., 1991), and profilin proteins have been iso- 
lated from vegetative organs (Ebner et al., 1991; Vallier et 
al., 1992), but the specificity of their expression patterns 
and the functional significance of having multiple plant 
profilins are not known. Plant profilins have been shown to 
bind plant and animal actin in vitro (Valenta et al., 1993; 
Giehl et al., 1994; Ruhlandt et al., 1995), and their role in 
transmitting signals from the phosphoinositide system to 
the cytoskeleton has been discussed (Drobak, 1993; Drobak 
et al., 1994). Much of the interest in plant profilins, includ- 
ing those from both pollen and vegetative organs, results 
from their activity as potent human allergens (Valenta et 
al., 1991), which elicit histamine release and a strong IgE 
response. 
The isolation and initial characterization of the profilin 
multigene family in the model plant Arabidopsis thaliana are 
reported herein. The family contains as many as 10 gene 
members. We characterized four nove1 sequences and 
showed the presence of two divergent classes of profilin 
genes that displayed fundamentally different expression 
patterns. The data suggested an ancient split between con- 
stitutive and pollen-specific profilin genes and coevolution 
with similarly expressed classes of actin. The structure of 
the profilin gene tree has striking implications for the 
evolution of profilins as allergens. 
MATERIALS AND METHODS 
Oligonucleotides 
Profilin sequences from distant organisms, including 
protists, fungi, insects, vertebrates, and plants, were re- 
trieved from the SwissProt sequence database. Alignment 
of the amino acid sequences revealed two regions of ho- 
mology among the profilins, with the exception of the 
vertebrate sequences. One of these regions is located at the 
amino terminus and the other at the carboxyl terminus. 
Degenerate oligonucleotides were designed from these ho- 
mologous regions. Additional degenerate oligonucleotides 
were designed from the coding region mainly based on 
sequence homology among the plant profilin sequences. 
The oligonucleotides used for PCR, RT-PCR, and DNA 
sequencing are listed in Table I. 
Isolation, Cloning, and Sequence Determination of 
Profilin Sequences 
PCR primers 1s and 120A homologous to the profilin 
terminal coding and anticoding sequences, respectively, 
were used to PCR amplify Arabidopsis genomic DNA, 
Arabidopsis thaliana leaf and floral cDNA libraries made by 
Invitogen (San Diego, CA), and oligo(dT)-primed cDNA 
made from Arabidopsis pollen RNA. The resulting PCR 
products were used as probes to screen for Arabidopsis 
profilin sequences using standard protocols (Sambrook et 
al., 1989). The Arabidopsis leaf cDNA library and the floral 
cDNA library were screened using probes made from PCR 
products from the corresponding cDNA library. Positive 
cDNA clones were partially sequenced to determine their 
identity. Unique clones were then purified to homogeneity. 
An A. thaliana (Columbia ecotype) genomic library of ran- 
domly sheared DNA (approximately 15 kb/insert) in A 
Table 1. Oligonucleotides used in PCR, RT-PCR, and sequencing 
An “S” designates a sense oligonucleotide, and an “A” or ”N” designates an antisense oligonucleotide. Sequences underlined are synthetic 
extensions with restriction sites for cloning. Oligonucleotides were synthesized at the Molecular Genetics lnstrumentation Facility, the University 
of Ceorgia, Athens. H = T, C, A; K = T, G; M = A, C; N = A, C, C, T; R = A, G; S = C, C; W = A, T; Y = C, T. 
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CEM 11 (kindly provided by Drs. J.T. Mulligan and R.W. 
Davis, Stanford University, CA) was screened with probes 
made from PCR products of Arabidopsis genomic DNA 
under moderate-stringency conditions (2X SSC, 48°C) to 
isolate both conserved and divergent profilin sequences. 
Approximately eight genome equivalents of the library 
(40,000 A recombinant phages) were screened based on the 
A genome equivalent of approximately 5,000 phages. Pos- 
itive clones were purified and further screened using PCR 
probes made from pollen cDNA under high-stringency 
conditions to separate potentially pollen-specific profilin 
clones from those expressed elsewhere in the plant. Rep- 
resentative clones showing different signal intensities were 
selected and subsequently subcloned into pBluescripSKI1’ 
plasmids (Stratagene). Double-stranded DNA templates of 
the cDNA and genomic clones were prepared by the alka- 
line denaturation method of Sambrook et al. (1989), and 
nucleotide soquence determination was carried out by a 
combination of double-stranded DNA sequencing using a 
Sequenase 2.0 kit (United States Biochemical) and PCR 
sequencing using an fmol DNA sequencing kit (Promega) 
following the manufacturers’ instructions. A set of degen- 
erate oligonucleotides spanning the entire profilin coding 
region and complementary to the profilin sequence in both 
sense and antisense orientations (see Table I and ”Results”) 
was used as primer to sequence the coding region, includ- 
ing the introns. Unique primers were made to obtain ad- 
ditional 5’ and 3’ flanking sequences. A11 of the clones 
identified by hybridization with the various probes de- 
scribed above were bona fide profilin-related sequences. 
Computational Analysis of Profilin Sequences 
The profilin sequence data were managed within the Gel 
program of the Intelligenetics (Mountain View, CA) suite. 
Alignments ,of the profilin sequences and building of the 
profilin gene tree based on amino acid sequence homology 
were carried out using the PILEUP program (Devereaux et 
al., 1984) provided by the Genetics Computer Group of the 
University of Wisconsin on a VAX computer. Amino acid 
identity of the profilin polypeptides and nucleotide iden- 
tity of the profilin coding sequences were analyzed with 
the GAP program of the Genetics Computer Group. The 
neighbor-joining and protein parsimony tree-building pro- 
grams were provided within version 3.5 (provided by J. 
Felsenstein) of PHYLIP (Felsenstein, 1989). 
Southern Blotting 
Genomic DNA was isolated from Arabidopsis (Colum- 
bia ecotype) plants according to the procedure of McLean 
et al. (1988). The DNA was restricted with different en- 
zymes and resolved on a 0.8% agarose gel at 30 V for 18 h 
followed by blotting to a nylon membrane (Biotrans Plus, 
ICN) in a Transvac vacuum blotter (Hoefer Scientific In- 
struments, San Francisco, CA) according to the manufac- 
turer’s instructions. The blot was then exposed to UV irra- 
diation for 2 min followed by 1 h of baking at 80°C. The 
blot was prehybridized overnight in 6X SSC, 5 x  Den- 
hardt’s solution, 0.2% SDS, and 40% formamide at 38°C 
followed by hybridization under the same conditions for 24 
h using a profilin probe PCR amplified from Arabidopsis 
genomic DNA or from an Arabidopsis profilin cDNA clone 
and [32P]dATP labeled at approximately 5 X 108 cpm/pg 
by the random primer method of Feinberg and Vogelstein 
(1983). The blot was washed 4 times for 10 min each at 48°C 
in 3X SSC and 0.2% SDS and exposed to X-Omat x-ray film 
(Kodak) with two intensifying screens for 6 to 12 h at 
- 70°C. 
Northern Blotting and RT-PCR Analysis 
Arabidopsis (Columbia ecotype) plants were grown in a 
greenhouse under 16 h of light. Seven-day-old seedlings, 
roots, stems, and leaves of 3- to 4-week-old plants and 
flowers (approximately 90% unopened) and green siliques 
of 5- to 6-week-old plants were collected into liquid nitro- 
gen and stored at -70°C before use. Total RNA was pre- 
pared from these tissues essentially by the method of Loge- 
mann et al. (1987). Mature pollen was collected and RNA 
was prepared as described previously (S. Huang, Y.-Q. An, 
J. McDowell, E.C. McKinney, R.B. Meagher, personal com- 
munication). Gene-specific probes were prepared from the 
PCR products PCR amplified from the 3’ UTR of the genes 
using PRF1-3’SlSmaI and PRF1-3‘Nl oligonucleotides (for 
PRFI, see ”Results” and Table I) and PRF4-3’Sl and PRF4- 
3’NlBamHI oligonucleotides (for PRF4, see “Results” and 
Table I). Northern blotting and hybridization were carried 
out essentially as described by S. Huang, Y,-Q. An, J. 
McDowell, E.C. McKinney, and R.B. Meagher (personal 
communication) using these gene-specific probes (approx- 
imately 2.5 X 106 cpm/mL) labeled to a specific activity of 
approximately 5 x 108 cpm/pg by the random primer 
method of Feinberg and Vogelstein (1983). Blots were 
washed at 48°C three times for 15 min each, 2X SSC/O.2% 
SDS. rRNA hybridization was carried out by the method of 
Thompson et al. (1992) using a 26-nucleotide 18s rDNA 
oligonucleotide probe (approximately 5 X 105 cpm/ mL) 
labeled to a specific activity of approximately 1 X 106 
cpm/ pmol. RT-PCR was carried out using gene-specific 
primers on RNA from the above tissues following the 
method of An et al. (1996). cDNAs were synthesized from 
total RNA from these tissues, quantified, and then PCR 
amplified using oligonucleotides PRF-71s and PRF1-3’Nl 
for PRF1 and PRF-71s and PRF4-3’106N for PRF4. 
RESULTS 
Conserved Profilin Sequences Were Used to Amplify 
Diverse Plant Profilins 
Profilin is a relatively small protein of approximately 130 
amino acids that is moderately conserved within some 
groups of organisms but poorly conserved across king- 
doms and among animal phyla (Fig. 1). The few plant 
profilin sequences that have been characterized from tim- 
othy grass (Ppv) ,  maize (Zmal-3), and white birch (Bve) 
share approximately 84 to 88% of their amino acid se- 
quences spread over the length of the protein (Fig. 2A). 
These plant profilin sequences have short stretches of 
amino acid sequence identity with the amino terminal and 
























.... . . . .  . . . .  .... . . . .  .... . . . .  .... .... .... 

























Figure 1. Amino acid sequence comparison among profilins from different eukaryotes. The profilin sequences were 
compared between animals: Bta, 60s taurus; Mmu, Mus musculus; Hsa, Homo sapians; Vac, vaccinia virus; Acr, Antho- 
cidaris crassispina (sea urchin); Cja, Clypeaster japonicus (sand dollar); Dme, Drosophila melanogaster; and Cel, Caeno- 
rhabditis elegans (partia1 sequence); plants: Ath, Arabidopsis thaliana (this study, see below); Zma, Zea mays (maize); Ppr, 
Phleum pratense (timothy grass); Bve, Betula verrucosa (white birch); protists: Aca, Acanthamoeba castellanii; Ppo, 
Physarum polycephalum; and Ddi, Dictylstelium discoideum; and a fungus: Sce, Saccharomyces cerevisiae. The numbers 
on the right indicate the seria1 numbers of the last residues at the end of the profilin amino acid sequences. The two arrows 
indicate the positions of the introns identified in Ath PRF7 and PRF4 gene sequences. The sequence alignment was produced 
using the PlLEUP program (Devereaux et al., 1984) from the Wisconsin Package (Genetics Computer Group). This program 
ranks the amino acid sequences in order of similarities. The profilin sequences were retrieved from the GenPept, PIR, and 
SwissProt databases. 
carboxyl terminal ends of profilins from yeast, protists, and 
insects (Figs. 1 and 2A) but not from vertebrates (see "Dis- 
cussion"). On the assumption that more diverse plant pro- 
filins are yet to be identified, highly degenerate oligonu- 
cleotides were designed based on the sequences that were 
conserved across portions of all four eukaryotic kingdoms 
(Fig. 2A; Table I). Sense and antisense oligonucleotides 
were used to amplify profilin sequences from Arabidopsis 
leaf and floral cDNA libraries and from genomic DNA by 
PCR. Using the amino terminal 1s and carboxyl terminal 
120A primers, a DNA product of approximately 400 bp was 
obtained from the cDNA libraries, and 700- to 900-bp prod- 
ucts were obtained from genomic DNA (data not shown). 
Partial sequencing of these PCR products revealed profilin- 
related coding sequences. These PCR products were used 
as probes to screen floral cDNA, leaf cDNA, and genomic 
DNA libraries. 
Arabidopsis Profilin cDNA and Cenomic Sequences 
Ten profilin cDNA clones were isolated and purified 
from an Arabidopsis floral cDNA library. Partial sequenc- 
ing of these clones revealed three unique profilin cDNA 
sequences, designated as PRF1, PRF2, and PRF3. The long- 
est cDNA clone for each of the three sequences was chosen 
for further characterization and was completely sequenced. 
They contained 5' untranslated leaders of 41 to 76 bp and 
3' UTR of 136 to 218 bp, followed by short poly(A+) tails 
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Figure 2. Physical structure of the profilin genes and proteins. A, 
Conserved amino acid sequence motifs among distant profilin pro- 
teins. Conserved regions with four or more identical amino acids are 
indicated by dark shaded boxes, for comparison among monocot and 
dicot pollen profilins, and by striped boxes for comparison among 
plant, insect, protist, and yeast profilins. The approximate locations 
of the sense (S )  and antisense (A) oligonucleotides designed from the 
conserved regions and used for PCR, RT-PCR, and sequencing are 
indicated. The numbers refer to the amino-terminal codon positions 
covered by that oligonucleotide. B, Arabidopsis PRF1 gene structure. 
Coding regions are shown by shaded boxes, and the 5’ and 3’ UTR 
are shown by open boxes. The 5’ and 3 ’  flanking sequences and 
introns are designated by lines. Numbers above the gene structure 
indicate the codon positions, and the numbers below show the size 
of the introns. The codons split by introns I and I I  are labeled. Also 
indicated are the ATG start and TAC stop codons. The GAA repeats 
in the mRNA leader and the only known poly(A+) addition site in the 
3 ’  UTR are indicated. C, Arabidopsis PRF4 gene structure (see B for 
details). 
(Fig. 3). The 5’ untranslated leader sequences of a11 three 
cDNAs contained G+A-rich sequences and repeated cop- 
ies of the sequence GAA. Each profilin cDNA contained a 
single, long reading frame of 393 nucleotides, which en- 
coded a profilin protein of 131 amino acids. The three 
predicted profilin isoforms had calculated molecular mass 
and pI values of 14.3 kD/4.54 (PRFZ), 14.0 kD/4.78 (PRF2), 
and 14.0 kD/4.51 (PRF3). 
To isolate and determine the structure of genomic profi- 
lin sequences, we screened an Arabidopsis library of ran- 
domly sheared genomic DNA using profilin probes PCR 
amplified from genomic DNA, leaf cDNA, and floral cDNA 
libraries, as described above. A preliminary screen of eight 
genome equivalents under moderate-stringency conditions 
gave rise to approximately 80 positive signals (data not 
shown). Severa1 of these clones were purified and se- 
quenced to reveal genomic clones for PRFZ and a nove1 
profilin gene sequence designated PRF4. An XhoI fragment 
containing the PRFZ gene (Fig. 2B) and an XhoI-EcoRI frag- 
ment encoding the PRF4 gene (Fig. 2C) were subcloned 
into plasmid vectors and completely sequenced. A de- 
duced cDNA sequence for PRF4 is shown in Figure 3. PRF4 
encoded a potential profilin isoform of 134 amino acids 
(14.4 kD) with an estimated pI of 4.93. The PRF4 protein 
was fairly divergent from PRFZ, PRF2, and PRF3 in amino 
acid sequence (see below). Its greater length was due to an 
insertion of three amino acids (G16, D17, and G18) relative 
to the other three sequences. Similar to the three profilin 
cDNAs characterized, the potential 5’ leader sequence im- 
mediately upstream of the start codon of PRF4 contained 
two long stretches of GAA-related repeat sequences. 
The PRFZ and PRF4 genomic sequences revealed two 
introns in conserved positions (Fig. 2) .  Introns of 505 and 
260 bp were located after the Gln codons Q41 and Q44, and 
introns of 91 and 85 bp were located after the Lys codons 
K87 and K90 in the PRFZ and PRF4 genes, respectively. 
Their positions within the. two protein coding sequences 
are indicated in Figures 1 and 3. 
Southern Blot Analysis of the Arabidopsis Profilin 
Multigene Family 
To determine the size of the profilin multigene family in 
A. thaliana, a Southern analysis was carried out under 
relatively low-stringency conditions using a degenerate 
profilin probe made from profilin sequences PCR ampli- 
fied from Arabidopsis genomic DNA. The Arabidopsis 
genomic DNA restricted with five different enzymes pro- 
duced 5 to 13 DNA fragments that hybridized to the probe 
(Fig. 4). Similar results were obtained under low-strin- 
gency conditions using a probe made from a coding region 
PCR amplified from the PRFZ profilin cDNA clone (data 
not shown). These results, together with the detection of 
approximately 80 genomic clones from 8 genome equiva- 
lents during genomic library screening, and the ease with 
which we were able to isolate 3 unique profilin cDNAs 
from only 10 clones screened, suggest that Arabidopsis 
contains a complex profilin gene family with approxi- 
mately 8 to 10 gene members, a family size similar to that 
of the actin gene family in this species (McDowell et al., 
1995). 
Differential Expression of Two Divergent Arabidopsis 
Profilin Cenes 
The presence of the multiple divergent classes of plant 
profilins raised the possibility that these genes might be 
differentially regulated. Therefore, we looked at the ex- 
pression patterns of the two most divergent profilin family 
gene members we had characterized, PRFZ and PRF4. 
Northern analysis was carried out on total Arabidopsis 
RNA from roots, stems, leaves, flowers, pollen, and green 
siliques using probes PCR amplified from the 3’ UTRs of 
these genes and is shown in Figure 5 .  The sequence data in 
Figure 3 show that the 3’ UTRs were highly divergent 
among the four characterized Arabidopsis profilins. The 
size of each profilin transcript was estimated to be approx- 
imately 750 nucleotides. As shown in Figure 5A, the Ara- 
bidopsis PRFZ transcripts were detected in a11 of the organs 
examined and in pollen. The PRFZ transcript levels were 
highest in stems, moderate in flowers and pollen, and very 
low in roots, leaves, and siliques. In contrast, the tran- 
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scripts of PRF4 were detected only in mature pollen (Fig.
5B). No PRF4 transcripts were detected in the other tissues
even after prolonged exposure (data not shown). Hybrid-
ization of these blots with an oligonucleotide probe made
complementary to 18S rRNA showed that equal amounts
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PRF4 (insertion) GGCQATGQT 130
G D G 18
PRFl GAAGGCAACCATCTCACCGCCGCCGCAATTCTCGGCCAAGACGGCAGTGTCTGGGCTCAG 181














N N V E Q D T 5 5
PRF4 AGCGCCAAeTTSCCTCAGTTCAAGG^^CAGGAG^rCASTGATATTATGAAAGAITTCGAC 250
N F G F S D M D 5 8
PRFl GAGCCCGGGTTTCTTGCCCCAACCGGACTATTTCTCGGTGGCGAAAAATACATGGTTATC 301
E P G F L A P T G L F L G G E K Y M V I 7 5
PKF2 aAAGCCGGACATCTTGCCCCAACCGGGCTATTCgTTGGCGGTGAGAAGTACATGGTTGTC 293
A H V 7 5
PRF3 A£ACCTGGAA£ACTTGCCCCAACAGGATTSTT£CTTGGTGGIAA£AASTACATGGTAATC 266
T T N 75
PRF4 GAACCQGQTCACTTJ3QCACCCACGGGATTATTCATGGCAGGAGCAAASTACATGGTGATC 310








P N A 95
PRF4 CAAGGTGASCCCGGSGCTGTAATCCG2GG£AAGAAGGGASCAGGAGGCATAACGATAAAG 370
P A I 98
PRFl AAGACAAACCAAGCTTTGGTCTTTGGCTTCTACGATGAACCAATGACTGGAGGTCAATGC 421
K T N Q A L V F G F Y D E P M T G G Q C 1 1 5
PRF2 AAGACTASTCAAGCTCTftGTCTTTGGT&TCTATGATGAACCGGTGACCGGAQQNCAATGC 413
T I V 1 1 5
PRF3 AAGACeA£CTTAGCTTTGGTATTTGGTATCTA2GATGAACCAATGACT££TGGACAATGC 386
T L I P 115
PRF4 AAAACAGQACAGTCATQTGTGTTTGGGATCTATGAAGAGCCAGTGACACCAGGACAGTQC 430
G S C I E V P 1 1 8
PRFl AACTTGGTTGTCGAAAGGCTCGQGGATTACCTTATCGAQTCTGAACTCTAAaaccaagg 480
N L V V E R L G D Y L I E S E L * 1 3 1
PRF2 AACTTGTT£GTG_GAGAGGCTCGG£GATTACCTTATCGAOTCTGfiICTCTAAgttcactC 472
F G * 131
PRF3 AATATGGTTGTGGAGAATCTCGGTGAGTACCTSATTGAATCGGGGCTCTGAaac 11 aag 445
M N E G * 131
PRF4 AACATGGTCGTCGAGAGGTTGGGTGATTACCTCCTCGAACAGGGTCTCTASaatCttCt 489
M L O G * 1 3 4
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Figure 4. Genomic Southern blotting reveals a large profilin gene
family. Four micrograms of Arabidopsis genomic DNA were re-
stricted with Bg/ll, FcoRI, fcoRV, H/ncll, and H/ndlll, respectively,
resolved on a 0.8% agarose gel, blotted to nylon membrane, and
hybridized with a probe made from profilin sequences PCR amplified
from genomic DNA. Sequence analysis confirmed that this genomic
probe contained only profilin coding sequences. Numbers at the side
indicate the molecular weight standards of a H/ndlll DNA marker.
transferred to the blot. Therefore, expression of PRF4 was
pollen specific, and PRFl appeared to be constitutive at the
organ level.
The relative transcript levels of these two profilin genes
were further examined by RT-PCR using gene-specific PCR
primers that amplified portions of the coding region of the
3' UTR of the transcripts from these profilin genes. cDNAs
made from the above plant organs and pollen and from
young seedlings were quantified and subjected to PCR
amplifications using controlled amounts of cDNA input
(Fig. 6). PCR products of expected sizes for cDNAs (404 bp
Figure 3. Nucleotide and predicted amino acid sequences of four
Arabidopsis profilin cDNAs (PRFl, PRF2, PRF3, and PRF4) are com-
pared. The coding sequences are shown in uppercase letters, and the
5' and 3' untranslated sequences are shown in lowercase letters. The
C+A-rich sequences in the 5' leader are underlined. Only those
amino acids that differed from the PRFl sequence are shown for
PRF2, PRF3, and PRF4 amino acid sequences. The nucleotide and
amino acid numbers are shown on the right. The position of a 3
codon insertion in PRF4, relative to the other three cDNA, is indi-
cated (codons 16-18). The positions of oligonucleotides designed
from the 3' UTR of PRFl and PRF4 are underlined and labeled. PRFl,
PRF2, and PRF3 were sequenced directly as cDNA clones, whereas
the PRF4 cDNA structure was deduced from a PRF4 genomic DNA
sequence and confirmed by RT-PCR and northern analysis (below).
The location of the introns identified in genomic clones of PRFl and
PRF4 are indicated by a vertical line above the PRF7 sequence.
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for PRF1 and 317 bp for PRF4) were obtained. Genomic
DNA contamination would produce larger products (see
+DNA control). Similar to the northern results, the RT-
PCR detected PRF1 transcripts in young seedlings, all plant
organs, and pollen (Fig. 6A). The PRF1 transcript level in
stem was about 2 to 4 times higher than in seedlings, roots,
leaves, flowers, and pollen and 20 times higher than in
siliques. In contrast, RT-PCR detected PRF4 transcripts
only in flowers and pollen (Fig. 6B). The PRF4 transcript
level was about 500 times higher in pollen than in flowers.
These RT-PCR data confirmed the constitutive and pollen-
specific expression patterns for PRF1 and PRF4, respec-
tively.
Evolution of Profilin Sequences
Surprising Affinities among Profilins from Distant Kingdoms
Alignment of the profilin amino acid sequences among
different eukaryotic kingdoms revealed relatively low lev-
els of sequence identity, and only the Trp residue near the
amino-terminal end (W3 in most sequences) was com-
pletely conserved in all profilins examined. Typically, only
25 to 40 residues were identical in any comparison of
profilin sequence pairs between two kingdoms. Thus, a
quantitative approach was needed to examine the sequence
relatedness among the profilins.
Gene trees (Fig. 7) were constructed from an amino acid
sequence alignment similar to that shown in Figure 1 but
containing some additional profilin sequences. These trees
were constructed from two independent tree-building al-
gorithms, neighbor joining in Figure 7A and protein par-
simony in Figure 7B, but gave nearly identical results. The
tree topologies differed significantly only in the placement
of a potential profilin homolog from the protist Eimeria
acervulina (Eac), which is of unknown function. Surpris-
ingly, both trees placed the plant, fungal, protist, and lower
animal (Dme, insect) profilins closer to each other than to
the profilin sequences from vertebrates or echinoderms
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Figure 5. Northern analysis of PRF1 and PRF4 transcript levels. Top,
Five micrograms of total RNA from the indicated tissues were re-
solved on 1.0% agarose-formaldehyde gels, blotted onto nylon mem-
branes, and hybridized with a 3' UTR gene-specific probe for PRF1
(A) or PRF4 (B) (see "Materials and Methods"). Bottom, Blots in the
top were stripped and rehybridized with an 18S rDNA oligonucleo-
tide to confirm that equal amounts of RNA were loaded for the
analysis. The approximate size of the profilin mRNA (0.75 kilonucle-
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Figure 6. RT-PCR analysis of PRF1 and PRF4 transcript levels. cDNA
synthesized from RNA from the indicated tissues were quantified and
subjected to serial PCR amplifications using serial 2-fold dilutions of
cDNA inputs. For example, reaction 1 contained 2.5 ng of cDNA
input. Reactions 2, 4, 8, and 16 contained one-half, one-fourth,
one-eighth, and one-sixteenth of this input, respectively, and so forth.
The results shown represent the averages of two duplicate PCR
reactions by mixing their products in equal volume. Only the prod-
ucts from the highest cDNA inputs and two lowest cDNA inputs that
produced PCR products relatively within the linear amplification
range are shown for PRF1 (A). For PRF4, only the products from low
cDNA inputs are shown for pollen (B). The relative transcript levels
were estimated based on the intensity of the PCR products within the
linear (unsaturated) amplification range, stds, DNA standard marker;
-DNA, without DNA input; +DNA, with an input of 5 ng of plasmid
DNA containing the corresponding gene analyzed. C, Summary of
the relative transcript levels based on RT-PCR.
(deuterostomes). Only a partial sequence was available for
the nematode Caenorhabditis elegans (Cel) shown in Figure 1,
so it was not included in these trees. However, indepen-
dently constructed trees, which included the Cel sequence
using these and other methods (not shown), grouped this
lower animal sequence with the plant, fungal, and protist
sequences. The simplest explanation for this topology is
that most organisms share a common ancient profilin se-
quence, whereas the deutersotomes appear to have
evolved novel profilin sequences since their divergence
from this ancestral type (see "Discussion").
An Ancient Split among Plant Profilins
Examination of the sequence alignment in Figure 1 also
showed that the plant profilins were essentially colinear,
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Figure 7. Profilin sequence trees. Trees were constructed by the neighbor-joining (A) and protein parsimony (B) methods 
provided with the PHYLIP package of computer programs (Felsenstein, 1989). Both trees were based on an amino acid 
sequence alignment similar to that shown in Figure I A  with the addition of the following sequences from plants: Nta, 
Nicotiana tabacum; Tae, Triticum aestivum; and Pvu, Phaseolus vulgaris; animals: Var, Variola major (virus) and Hsa2, 
Homo sapians; and protists: Tpy, Tetrahymina pyriformis and omission of the partia1 sequence from C. elegans and the sea 
urchin sequence, Acr. The sequence of a potential profilin homolog and protist sporozoite antigen, from Eac, was also 
included. The approximate scale of the trees can be determined from the Ath PRFl versus Ath PRF2, Ath PRFl versus Ath 
PRF4, Ath PRFl versus Ppol, and Ath PRFl versus Hsal  comparisons, which have approximately 87,76,44, and 34% amino 
acid identity, respectively. Based on discussions within the text, the two classes of plant profilins are labeled as constitutive 
or pollen-specific. The sequence alignment used in both trees was produced with the PILEUP program (Devereaux et al., 
1984) from the Wisconsin package. The additional profilin-related sequences were retrieved from the GenPept, PIR, and 
Swiss Prot databases. 
ranging from 131 to 137 amino acids. A few small inser- 
tion/ deletion differences were observed. For example, the 
Zea mays sequence Zma2 contained an additional six amino 
acids at the amino terminus. In addition to an insertion of 
3 amino acids positioned 15 amino acids downstream of 
the initiating Met, as was also observed in PRF4, the white 
birch profilin sequence Bve had a deletion of 1 amino acid, 
located 25 amino acids from the initiating Met. A detailed 
comparison of the amino acid identity and nucleotide se- 
quence divergence among nine of the plant profilins is 
shown in Table 11. Approximately 70 to 90% of the amino 
acids were identical among any one of the 36 comparisons 
of plant sequence pairs. At the nucleotide sequence level, 
the coding sequences of these profilins were 68 to 90% 
identical. Although the plant profilins were more similar to 
each other than to sequences from other kingdoms, they 
Table II. Percentage o f  amino acid and coding nucleotide identity o f  plant profilins 
in the lower part and nucleotide identity in the upper part of the matrix table. See Figure 1 for gene designations. 
Comparison was done by the GAP program of the Genetics Computer Group of the University of Wisconsin. Amino acid identity is shown 




































Amino acid identity 
72.5 71.5 
72.7 72.5 































Arabidopsis Profilin Gene Family 123 
still contained a great deal of variability that may be func- 
tionally significant. For example, 14 of the 36 differences 
between Atk PRFl and PRF4 involved the charged residues 
H, K, R, D, or E (Fig. 3). 
Two clades or classes of profilins were resolved in the 
two sequence trees (Fig. 7). Arabidopsis PRF4 was more 
similar to the profilins from other plant species than to the 
other three Arabidopsis profilins. At the amino acid level, 
PRF4 was 78.6 to 82.4% identical to the profilins from the 
monocots Z. mays, Zma, timothy grass, Ppr, and the dicot 
white birch, Bve. AI1 of these sequences are expressed in 
pollen. The maize and Arabidopsis sequences have been 
shown to be pollen specific. These data suggest that the 
tobacco, Nta, and wheat, Tae, sequences also may be ex- 
pressed in pollen (see "Discussion"). PRF4 only shared 73.3 
to 75.6% amino acid identity with the other three Arabi- 
dopsis profilins (PRFZ-3). Thus, PRF4 is significantly closer 
to the known profilins in other plant species than to 
PRFZ-3. PRF4 is saturated with silent nucleotide changes 
with respect to the other three Arabidopsis sequences. 
Arabidopsis PRFZ-3 showed low amino acid sequence 
identity to most of the plant profilins examined (69.5- 
76.3%), with the exception of a more closely related se- 
quence from the common French bean, Pvu (78-82%). 
These four plant profilin sequences appear to form a new 
clade among plant profilins. PRFl was constitutively ex- 
pressed in most organs; PRFZ, PRF2, and PRF3 were each 
identified in both flower and leaf (not shown) cDNA librar- 
ies; and Pvu was expressed in leaves and roots (Vidali et al., 
1995). This second clade (Fig. 7) may represent a constitu- 
tive class of profilins (see "Discussion"). Similar sequence 
relationships were obtained from DNA sequence compar- 
isons (Table 11). Among the three Arabidopsis sequences 
(PXF1-3) in this nove1 clade, there is a significant number 
of silent nucleotide substitutions (>40%, Fig. 3), suggesting 
that they have not shared a common ancestral sequence for 
more than 30 to 50 million years. 
Conservation of Functional Domains among 
Plant Sequences 
Restricted cross-kingdom comparisons revealed conser- 
vation of amino acid domains reported to be involved in 
profilin functions. For example, in bovine profilin, the hy- 
drophobic domain rich in aromatic amino acids (composed 
of W3, Y6, W31, H133, L134, and Y139 [Fig. 11, which have 
been implicated in poly-L-Pro binding [Bjorkegren et al., 
1993; Schutt et al., 19931) was highly conserved even in 
many distantly related profilins, including those from 
plants. It is also worth noting that the Acanthamoeba, Acu, 
profilin sequence motif VEKLADYL (amino acids 112-119, 
Fig. 2), which has been imgicated in actin binding (Schutt 
et al., 1993; Cedergren-Zeppezauer et al., 1994), was par- 
tially conserved in most plant (VERLGDYL), _ _  protist, fun- 
gal, and lower animal profilins but was poorly conserved 
in vertebrate profilins. In addition, a sequence rich in basic 
amino acids in the human gelsolin (KHVVPNEVVVQR- 
LFQVKGRR) _ -  and villin (YNVQRLLHTKGKKNVC) - _ _ _  h z  
also been identified as having a role in the binding of 
polyphospholids PIP and PIP, (Janmey et al., 1992). All of 
the plant profilins contained a similar sequence motif (RG- 
KKG(S/A/P)GG(I/V)T(I/V)KK; amino acids 84-96-in 
K F 1 ;  Fig. lA), with five pozively charged amino acids 
completely conserved among the plant profilins. AI1 pro- 
tist and plant profilins shared some similarity within this 
region. 
DISCUSSION 
Arabidopsis Contains a Complex Profilin Gene Family 
The four Arabidopsis profilin sequences PRF1, PRF2, 
PRF3, and PRF4 isolated and characterized herein repre- 
sent only a small portion of the genes in a complex, mul- 
tigene family. Based on the data from Southern analysis 
and genome reconstruction experiments and the high fre- 
quency with which the profilin genomic DNA sequences 
were isolated, it appears that Arabidopsis contains at least 
8 to 10 profilin genes. The diversity of the four Arabidopsis 
profilin gene family members isolated so far suggests that 
the severa1 additional profilin-related sequences yet to be 
characterized will also be quite diverse. It seems likely that 
there are additional ancient classes or subclasses of profi- 
lins yet to be characterized. 
Examination of the Arabidopsis profilin sequences re- 
veals some distinct characteristics that may be important to 
most plant profilins. First, the 5' untranslated leader se- 
quences of all four profilin mRNAs contain G+A-rich se- 
quences. In nearly all plant actin genes characterized, in- 
cluding those from Arabidopsis, C+T-rich sequences are 
observed in the mRNA leader sequences (Pearson and 
Meagher, 1990). These G+A- and C+T-rich sequences have 
been referred to as PuPy (purine- or pyrimidine-rich) se- 
quences and may be involved in recombination, gene du- 
plication, and / or regulation of gene expression (Pearson 
and Meagher, 1990). The exact function(s) of the PuPy-rich 
sequences associated with the profilin mRNA leader re- 
mains to be investigated. Second, like maize profilins 
(Staiger et al., 1993), the four characterized Arabidopsis 
profilins also contain sequences potentially involved in 
binding actin, poly-L-Pro, and PIP,, suggesting that these 
plant profilins have functions similar to profilins in other 
kingdoms. In fact, a closely related plant profilin, Ppr from 
timothy grass, binds poly-L-Pro and actin (Valenta et al., 
1993). Third, characterization of genomic clones for the 
evolutionarily distant PRFZ and PRF4 genes reveals two 
small introns located in conserved positions that divide the 
coding sequences into three nearly equal parts. Fourth, the 
plant profilin protein sequences are far more like each 
other than they are like the profilins from any of the other 
three eukaryotic kingdoms. These data suggest that the 
plant profilin genes, like the actin genes (McDowell et al., 
1995), have evolved from a single common ancestral plant 
gene. 
We have shown that genes from two divergent profilin 
classes within the Arabidopsis profilin gene family exhibit 
fundamentally different expression patterns, one constitu- 
tive and the other pollen-specific. The Arabidopsis pollen- 
specific PRF4 is in the gene class that includes profilin 
genes from the monocots maize (Zmal-3), wheat (Tae), and 
timothy grass (Ppr),  and the dicots white birch (Bve) and 
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tobacco (Nta)  (Fig. 7). It is interesting that the maize profi- 
lins characterized so far are also specifically expressed in 
pollen (Staiger et al., 1993). The white birch and timothy 
grass profilins were isolated from pollen cDNA libraries as 
allergens reactive with IgE from pollen-allergic patients 
(Valenta et al., 1991), although it is not known if their 
expression is pollen-specific. Therefore, it is likely that 
PRF4 and related profilin genes from diverse plant species 
represent an evolutionarily conserved gene class special- 
ized for the regulation of the cytoskeleton in pollen or other 
reproductive tissues (see below). 
The actin cytoskeleton is essential for pollen germina- 
tion, subsequent tube growth, and movement of germina1 
cells down the tube (Heslop-Harrison and Heslop-Harri- 
son, 1992; Mascarenhas, 1993). The rapid F-actin-based 
streaming in the tube is thought to carry vesicles with the 
essential building materials required for tip growth as the 
tube grows through the gynoecium. Profilin could influ- 
ente these processes by affecting the actin cytoskeleton in 
severa1 ways. For example, profilin can both inhibit and 
promote actin polymerization because of its role in seques- 
tering actin monomers and in catalyzing nucleotide ex- 
change associated with monomeric actin (Theriot and 
Mitchison, 1993). In addition, profilin interacts with phos- 
pholipids and probably links the remodeling of the actin 
cytoskeleton to the signal transduction pathway in re- 
sponse to extracellular stimuli (Aderem, 1992; Machesky 
and Pollard, 1993; Drobak et al., 1994). The exact role(s) of 
profilin in regulating the rearrangement of the actin cy- 
toskeleton during pollen germination and pollen tube 
growth, however, remains to be investigated. 
The class containing the constitutively expressed Arabi- 
dopsis PRFl and related sequences may use these same 
molecular tools to regulate the more general functions of 
the actin cytoskeleton in the majority of vegetative cell 
types. This would include control over cytoplasmic stream- 
ing, division plane determination, cell-wall deposition, or- 
ganelle movement, and transport. Distinct profilin iso- 
forms are expressed in the leaves and root nodules of 
Phaseolus vulgaris (Perez et al., 1994), and these may repre- 
sent other members of this clade. We analyzed one of these 
bean sequences (Pvu, Fig. 7), and it groups with the “con- 
stitutive” Arabidopsis sequences, as would be expected if 
this profilin clade represented an ancient class predating 
the major groups of angiosperms. 
Evolution of Diverse Plant Profilin Sequences and 
Coevolution with Actin 
The four sequences that have been isolated and charac- 
terized can be divided into at least two divergent classes. 
One of the Arabidopsis profilin genes, PRF4, is signifi- 
cantly more closely related to profilins from distant mono- 
cot and dicot species than it is to PRF1, PRF2, or PRF3, 
suggesting the presence of plant profilin gene lineages that 
predate this organismal divergence. Dicots and monocots 
have not had a common ancestor for about 200 million 
years (Wolfe et al., 1989), and thus this split in the profilin 
gene family is more than 200 million years old. 
Based on a detailed analysis of DNA and protein se- 
quence, RNA steady-state levels, and expression of pro- 
moter / reporter fusions in numerous transgenic plants, 
the 10 Arabidopsis actins were divided into two ancient 
classes that have not shared a common ancestral se- 
quence for approximately 500 million years. One class is 
expressed constitutively in vegetative tissues and the 
other is expressed primarily in reproductive organs and 
tissues including pollen and ovules (McDowell et al., 
1995). Perhaps the profilin gene classes diverged concor- 
dantly with the actin gene classes. The structure of actin- 
profilin co-crystals reveals intimate interaction between 
the two proteins over a large surface area involving 20 to 
25 of profilin’s 131 amino acids (Schutt et al., 1993; 
Sheterline and Sparrow, 1994). This suggests that indi- 
vidual classes of profilins would have had to coevolve 
intimately with the classes of actins for proper protein- 
protein interactions. 
Considering the diversity of plant actin (Meagher and 
McLean, 1990) and profilin isoforms, coevolution might 
be required to maintain an appropriately balanced inter- 
action between these proteins. Coexpression and coevo- 
lution of multiple plant profilins and actins may have led 
to a complex form of dynamic instability, as was first 
proposed to explain the interaction of multiple tubulin 
isoforms, which were coexpressed (Burns and Surridge, 
1990). The dynamic instability theory suggests that tu- 
bulin polymerization can have more complex kinetic 
responses when multiple tubulin isoforms are involved. 
In other words, having multiple and diverse actins and 
profilins interacting in a particular cell type greatly in- 
creases the complexity of kinetic responses possible for 
the actin-based cytoskeleton. 
Profilin Divergence and the Allergic Response 
Allergies have become a serious health problem, affect- 
ing up to 15% of the population in industrialized countries. 
Plant profilins have been identified as potent allergens in 
patients with serious pollen and food allergies (Valenta et 
al., 1991). Plant profilin binds a significant portion of the 
IgE in a large percentage of these allergic patients. Com- 
parison of the amino acid sequences shows that the verte- 
brate profilins are extremely divergent from plant profilins, 
with an amino acid identity of only approximately 30% 
(Figs. 1 and 7). Human allergic responses to plant profilins 
are likely to be directed at the amino acid domains that are 
conserved among plant profilins but divergent in verte- 
brate profilin sequences. Of particular note is that the 
amino acid sequences at the amino and carboxyl termini 
are both conserved among plant, fungal, and lower ani- 
mal profilins but are highly divergent in the vertebrate 
profilins. 
We propose the following scenario for the evolution of 
the human IgE response to profilin. Profilin sequence com- 
parisons suggests that the plant, protist, fungal, and prot- 
erostome (e.g. insect and perhaps nematode) profilins are 
closer to each other than they are to the vertebrate profilins 
(Figs. 1 and 7). The most parsimonious interpretation of the 
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phylogeny is that the more common profilin sequence, 
shared among several kingdoms, is the more ancient one. 
This suggests that deuterostomes (e.g. vertebrate and  echi- 
noderm sequences) evolved a unique a n d  highly divergent 
profilin sequence after they diverged from the proteros- 
tomes (e.g. lower animals such as  insects and worms). The 
IgE response is thought  to  have evolved during the evolu- 
tion of early vertebrates approximately 500 million years 
ago (Margulis and  Schwartz, 1982) to  protect against ecto- 
parasites (e.g. arthropods, mites, a n d  ticks) and helminth 
parasites (e.g. schistosomes) (Abbas et  al., 1991). The high 
concentration of profilin, the profilin sequence conserva- 
tion among ancestors of these distant pathogens, and the 
divergence from vertebrate sequences made them excellent 
targets for the vertebrate immunological response. The 
fungal spore profilins and plant pollen profilins only be- 
came respiratory allergens after evolution of sporophytic 
fungi a n d  wind-borne pollen 400 a n d  250 million years ago, 
respectively. The sequence homology of plant and fungal 
profilins to those i n  lower animal parasites is simply a 
consequence of the common evolutionary origin for profi- 
lin sequences. Future analysis of the profilin sequences and  
structures from diverse lower animals may shed more light 
on the evolution of the vertebrate IgE response to profilins 
f rom plants and fungi. 
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